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COMPOSITIONS COMPRISING
NICKEL-TITANIUM, METHODS

MANUFACTURE THEREOF AND ARTICLES
COMPRISING THE SAME

CROSS-REFERENCE TO RELATED ART

This application claims priority to U.S. application Ser.
No. 12/544,674, now U.S. Pat. No. 8,377,373, which was
filed with the U.S. Patent and Trademark Office on Aug. 20,
2009, the entire contents of which are hereby incorporated by
reference.

BACKGROUND

This disclosure is directed to ball bearings comprising
nickel-titanium and to methods of manufacture thereof.

Bearings such as those used in reducing sliding friction
(e.g., bushings, journal bearings, sleeve bearings, rifle bear-
ings, plain bearings, or the like) or those used in reducing
rolling friction (e.g., ball bearings, roller bearings, or the like)
are often manufactured from materials comprising metals,
ceramics or organic polymers. Examples of metals are stain-
less steel, bronze, aluminum, or the like. Examples of ceram-
ics are sapphire, glass, or the like. Examples of polymers are
nylon, polyoxymethylene, polytetrafluoroethylene, polyole-
fins, or the like.
One problem with the aforementioned metals, ceramics

and polymers is corrosion. For example bearings manufac-
tured from steel can undergo rusting, which reduces the abil-
ity of the bearing to minimize friction over time.

In addition, lubricants used on the bearings also can
undergo degradation to reduce the ability of the bearing to
minimize friction. Often, the by-products of friction contami-
nate the lubricants, which render damage to the bearing as
well as the lubricant.

It is therefore desirable to manufacture bearings from
materials that do not undergo corrosion and that do not pro-
duce by-products that damage the bearing or the lubricant.
Nitinol 60 (comprising about 60 weight percent nickel and
about 40 weight percent titanium) produces parts that are
resistant to corrosion. One of the drawbacks of Nitinol 60 is
that it is difficult to manufacture components from it that are
without casting defects such as voids and pinholes. When a
Nitinol 60 component is manufactured by casting a melt into
a mold, it generally contains voids and pinholes, which ruins
the surface finish and renders the component unusable for its
intended application. It is therefore desirable to manufacture
Nitinol 60 components that are devoid of casting defects and
that can be polished to fine tolerances. Another drawback of
Nitinol 60 is that it is very hard and therefore difficult to
machine. It is also desirable to manufacture these components
to fine tolerances so as to minimize any additional undesirable
machining

SUMMARY

Disclosing herein is a method for manufacturing nickel-
titanium compositions. The method includes disposing a
powdered composition in a mold; the powdered composition
comprising nickel and titanium; the titanium being present in
an amount of about 38 to about 42 wt % and the nickel being
present in an amount of about 58 to about 62 wt %; sintering
the powdered composition to produce a sintered preform;
compacting the preform; machining the preform to form an
article; heat treating the article; the annealing being con-
ducted at a temperature of about 1650° F. to about 1900° F. at

2
a pressure of about 3 Torr to about 5 Kg—f/cm2 for a time
period of about 10 minutes to about 5 hours; and quenching
the article.

5 BRIEF DESCRIPTION OF FIGURES

FIG.1 is a schematic depiction of an exemplary method of
manufacturing an article using a nickel-titanium composi-
tion;

10 FIG. 2 is an exemplary depiction of a device that is used to
manufacture nickel-titanium powdered compositions; and
FIG. 3 is an exemplary depiction of another device that is

used to manufacture nickel-titanium powdered compositions.

15 DETAILED DESCRIPTION

The invention now will be described more fully hereinafter
with reference to the accompanying drawings, in which vari-
ous embodiments are shown. This invention may, however, be

20 embodied in many different forms, and should not be con-
strued as limited to the embodiments set forth herein. Rather,
these embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the
invention to those skilled in the art. Like reference numerals

25 refer to like elements throughout.
It will be understood that when an element is referred to as

being "on" another element, it can be directly on the other
element or intervening elements may be present therebe-
tween. In contrast, when an element is referred to as being

30 "directly on" another element, there are no intervening ele-
ments present. As used herein, the term "and/or" includes any
and all combinations of one or more of the associated listed
items.

It will be understood that, although the terms first, second,
35 third etc. may be used herein to describe various elements,

components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from

4o another element, component, region, layer or section. Thus, a
first element, component, region, layer or section discussed
below could be termed a second element, component, region,
layer or section without departing from the teachings of the
present invention.

45 The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting. As used herein, the singular forms "a," "an" and
"the" are intended to include the plural forms as well, unless
the context clearly indicates otherwise. It will be further

50 understood that the terms "comprises" and/or "comprising,"
or "includes" and/or "including" when used in this specifica-
tion, specify the presence of stated features, regions, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other fea-

55 tures, regions, integers, steps, operations, elements, compo-
nents, and/or groups thereof.

Furthermore, relative terms, such as "lower" or "bottom"
and "upper" or "top," may be used herein to describe one
element's relationship to another elements as illustrated in the

6o Figures. It will be understood that relative terms are intended
to encompass different orientations of the device in addition
to the orientation depicted in the Figures. For example, if the
device in one of the figures is turned over, elements described
as being on the "lower" side of other elements would then be

65 oriented on "upper" sides of the other elements. The exem-
plary term "lower," can therefore, encompasses both an ori-
entation of "lower" and "upper," depending on the particular
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orientation of the figure. Similarly, if the device in one of the
figures is turned over, elements described as "below" or
"beneath" other elements would then be oriented "above" the
other elements. The exemplary terms "below" or "beneath"
can, therefore, encompass both an orientation of above and
below.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art
and the present disclosure, and will not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein.

Exemplary embodiments are described herein with refer-
ence to cross section illustrations that are schematic illustra-
tions of idealized embodiments. As such, variations from the
shapes of the illustrations as a result, for example, of manu-
facturing techniques and/or tolerances, are to be expected.
Thus, embodiments described herein should not be construed
as limited to the particular shapes of regions as illustrated
herein but are to include deviations in shapes that result, for
example, from manufacturing. For example, a region illus-
trated or described as flat may, typically, have rough and/or
nonlinear features. Moreover, sharp angles that are illustrated
may be rounded. Thus, the regions illustrated in the figures
are schematic in nature and their shapes are not intended to
illustrate the precise shape of a region and are not intended to
limit the scope of the present claims.
The transition phrase "comprising" may be replaced with

the transition phrases "consisting of or "consisting essen-
tially of'.

Disclosed herein is a method for manufacturing articles
from a nickel-titanium composition that comprises nickel in
an amount of about 58 to about 62 weight percent (wt %) and
titanium in an amount of about 38 to about 42 wt %. The
method comprises manufacturing a powdered composition of
nickel-titanium particles. The powdered composition of
nickel-titanium particles is then placed in a mold and sintered
to a first temperature at a first pressure for a first period of time
to produce a sintered preform. The sintered preform is then
annealed at a second temperature, a second pressure for a
second period of time to produce an annealed preform. The
annealed preform is then subjected to machining to produce
articles having the desired geometry. Following the manufac-
turing of the article with the desired geometry, it is then heat
treated to a third temperature at a third pressure for a third
period of time. The article was then quenched to develop an
article having a Rockwell hardness of greater than 55 Rock-
well C.

Disclosed herein too is a nickel-titanium composition that
comprises at least 4 different phases of nickel-titanium, each
phase having a different atomic ratio of nickel to titanium.
The nickel-titanium composition is advantageous in that it
can be used in frictional devices without damaging or degrad-
ing lubricants employed in the frictional devices for extended
periods of time. This leads to extended life cycles for the
lubricants as well as the frictional device thereby reducing
costs associated with maintenance downtime and product
replacement.

The nickel-titanium composition disclosed herein is espe-
cially advantageous because the nickel-titanium phases con-
tained therein do not degrade lubricants in a manner similar to
other commercially available nickel-titanium compositions.
Titanium metal is known to be very aggressive towards lubri-

_►,

cants. The titanium present in other commercially available
nickel-titanium alloys therefore causes a degradation of the
lubricant, which causes galling and seizing of frictional
devices in which it is employed. However, in the nickel-

5 titanium compositions disclosed herein, the titanium is effec-
tively passivated by being bonded to nickel so that it does not
aggressively attack lubricants that are used in its presence.
The hardness of the nickel-titanium composition together
with its low density, high corrosion resistance and non-mag-

io netic properties make the composition useful for applications
in space.

Disclosed herein too is a friction reducing composition that
comprises the nickel-titanium composition and a lubricant.
The lubricant can comprise a fluid such as an oil, a grease,

15 water, or the like. The friction reducing composition can be
advantageously used in a frictional device without any deg-
radation of the lubricant.

With reference now to the FIG. 1, a method 100 for manu-
facturing the nickel-titanium composition comprises pouring

20 powdered titanium into molten nickel or pouring powdered
nickel into molten titanium to produce a powdered composi-
tion (102), molding and sintering the powdered composition
(104) to a first temperature at a first pressure for a first period
of time to produce a sintered preform. The sintered preform is

25 then subjected to hot isostatic pressing (106) followed by
optional machining (108) and to further heat treatment (110)
and quenching (114) to produce the desired nickel-titanium
article.
The powdered composition may be obtained by a variety of

30 methods. With reference now to the FIG. 2, a titanium elon-
gate mass 202 is fed into a crucible 204 containing molten
nickel in a device 200 to produce the powdered composition
(102) that comprises a nickel-titanium alloy. The titanium
elongate mass 202 is generally disposed perpendicular to the

35 surface of the molten nickel in the crucible 204. Examples of
the elongate mass are a wire, a rod, a tube, a bar, or the like.
The titanium elongate mass is also fed with an effective
electrical current from a source 208. The electrical current is
fed to the titanium elongate mass at a constant voltage and at

40 current limiting condition to create and electric arc and to
facilitate the formation of a spray of molten titanium particles
206. The spray of molten titanium particles 206 falls into the
molten nickel by the action of gravity and is then dispersed
into the molten nickel to form nickel-titanium alloy particles.

45 The molten nickel is loaded into a crucible in a furnace. The
amount of nickel in the crucible is adjusted so that its weight
in the powdered composition will be about 58 to about 62 wt
%, specifically about 59 to about 61 wt %, and more specifi-
cally about 59.5 to about 60.5 wt % of the powdered compo-

50 sition. An exemplary amount of nickel is about 60 wt % of the
powdered composition.
The remaining weight of the powdered composition is

titanium. In an exemplary embodiment, the titanium will be
about 38 to about 42 wt %, specifically about 39 to about 41

55 wt %, and more specifically about 39.5 to about 40.5 wt % of
the powdered composition. An exemplary amount of titanium
is about 40 wt % of the powdered composition.
The crucible is maintained at a temperature of greater than

or equal to the melting point of nickel. It is desirable to
60 maintain the crucible at a temperature that is less than or equal

to the melting point of titanium. The crucible is heated by a
suitable power source to maintain the molten nickel in the
melt state. During the feeding of the titanium into the molten
nickel or vice versa, the crucible is first purged with an inert

65 gas through a port 210. The inert gas exits the device through
a relief valve 216. The inert gas displaces any reactive gases
present in the crucible. It is also desirable for the inert gas to
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depress the surface of the molten nickel at the alloying zone.
As can be seen in the FIG. 2, the height 212 of the surface of
the molten nickel in the alloying zone is lower than the height
214 of the surface of the molten nickel outside the alloying
zone. The alloying zone is the zone where the spray of molten
titanium particles contacts the molten nickel.

Examples of suitable inert gases are argon, nitrogen,
helium, xenon, nitrogen, carbon dioxide or carbon monoxide.
In one embodiment, the feeding of the titanium elongate mass
into the molten nickel is conducted in an argon atmosphere.
The crucible is sealed so as to be isolated from the ambient
atmosphere.
As the spray of molten titanium enters the molten nickel, it

forms solid particles of a nickel-titanium alloy, which are then
collected from the bottom of the crucible and are subjected to
sintering to form the sintered preform. The particles so recov-
ered form an occluded mass. For example, the particles of
nickel-titanium can be removed from the molten nickel as a
mass of particles with occluded nickel. The occluded nickel
can be removed by further treatment to yield the nickel-
titanium powdered composition, which is then subjected to
sintering.
The FIG. 3 depicts another device 300 that can be used for

the production of the nickel titanium powdered composition.
In one embodiment, in another method of manufacturing the
powdered composition, molten titanium is poured from a first
crucible 302 into a second crucible 304, which contains mol-
ten nickel as depicted in the FIG. 3.
The amount of molten nickel loaded into the second cru-

cible 304 will be about 58 to about 62 wt %, specifically about
59 to about 61 wt %, and more specifically about 59.5 to about
60.5 wt % of the powdered composition. An exemplary
amount of nickel is about 60 wt % of the powdered compo-
sition that is formed as detailed below.
The amount of molten titanium that is discharged from the

first crucible 302 into the second crucible 304 will be about 38
to about 42 wt %, specifically about 39 to about 41 wt %, and
more specifically about 39.5 to about 40.5 wt % of the pow-
dered composition. An exemplary amount of titanium is
about 40 wt % of the powdered composition.
The second crucible 304 contains a teeming nozzle 306

whose function it is to meter the molten nickel and titanium
into the atomizing zone 308. As the molten alloy passes
through the teeming nozzle 306 an inert gas is passed through
the plenum 308 and discharged through the jets 310 to
impinge on the molten metal. The plenum generally has about
8 jets through which the inert gas is discharged. In one
embodiment, 4 jets can be arranged to discharge the inert gas
at a location that is closed to the atomizing zone, while 4 other
jets are positioned at a point further downstream from the
atomizing zone (not shown). The entire device 300 depicted
in the FIG. 3 can be enclosed (not shown) to prevent any
reactive gases from contacting the molten metals. The enclo-
sure is generally purged with an inert gas prior to pouring the
molten titanium from the first crucible 302 into the second
crucible 304. Argon is generally used as the inert gas in the
jets as well as in the enclosure.

The molten alloy is discharged from the atomizing zone in
the form of a powder and can be collected in a cooling bath.
The powder can be cooled in a bath. The bath can contain cold
water, liquid nitrogen, liquid argon, liquid helium, or the like.

In one embodiment, in one method of manufacturing the
powered composition using the device of the FIG. 3, molten
titanium is poured into the molten nickel while several jets of
argon gas are directed into the mixture of molten nickel and
molten titanium to disperse the mixture into particles that
comprise nickel and titanium. The particles freeze into tiny

6
spheroids at the bottom of the device 300 where they are
cooled by a pool of liquid argon.
In both methods of manufacturing particles disclosed

above, the powdered composition has an average particle size
5 of about 50 to about 150 micrometers, specifically about 70 to

about 130 micrometers, and more specifically about 80 to
about 120 micrometers. An exemplary average particle size
for the powdered composition is less than or equal to about
100 micrometers.

10 In yet another method of manufacturing the powdered
composition, nickel powder and titanium powder are ground
together in a ball mill. Ball milling generally causes an inti-
mate mixing of the nickel with the titanium. The ball milling
may be conducted with stainless steel balls.

15 The ball milling can be conducted for a period of 15 min-
utes to about 180 minutes, specifically about 30 to about 150
minutes, and more specifically about 45 to about 120 minutes.
After ball milling the powdered composition may be sub-
jected to further processing as described below.

20 As noted in the Figure, the powdered composition is next
subjected to molding and sintering (104) to produce a sintered
preform. The powdered composition may be poured into
molds of suitable shapes. As noted above, the powdered com-
position in the molds is subjected to a first temperature at a

25 first pressure for a first time period. The molds are subjected
to vibration in order to remove any entrapped air and then
subjected to sintering in a furnace at a first temperature of
about 1700° F. to about 2250° F. and a first pressure of 30 Torr
to about 10 kilograms-force per square centimeter (Kg—f/

30 cm2) for a first time period of about 10 minutes to about 4
hours to produce a sintered preform. A vacuum may be
applied to the mold prior to and during the heating operation
to remove any entrapped gases from the powdered composi-
tion. The sintering may be conducted without a vacuum,

35 under ambient conditions if desired
The sintering is conducted for a first time period of about

10 minutes to about 4 hours. In one embodiment, the sintering
is conducted at a first temperature of about 1800° F. to about
2200° F., specifically about 1800° F. to about 1900° F. The

40 sintering is conducted at a first pressure of about 3 Torr to
about 5 Kg—f/cm2, specifically about 2 Torr to about 2 Kg—f/
cm2. The sintering is conducted for a first time period of about
20 minutes to about 180 minutes, specifically about 50 min-
utes to about 150 minutes. In an exemplary embodiment, the

45 sintering is conducted at a temperature of about 1825° F. to
about 1950° F. at ambient pressure for about 120 minutes to
form the sintered preform.
The sintered preform is then subjected to cooling. In one

embodiment, the sintered preform is cooled down to room
50 temperature.

After cooling, the sintered preforms are then removed and
are subjected to hot isostatic pressure compaction (106). As
noted above, during the hot isostatic pressure compaction, the
sintered preform is subjected to a second temperature at a

55 second pressure for a second time period. The hot isostatic
pressure compaction is conducted in a hipping furnace.
The second temperature is about 1700° F. to about 2250° F.,

specifically about 1800° F. to about 2200° F., and more spe-
cifically about 1800° F. to about 1900° F. The second pressure

60 is about 2110 to about 11250 Kg—f/cm2, specifically about
3000 to about 9000 Kg—f/cm2, and more specifically about
4000 to about 8000 Kg—f/cm2. The second time is about 0.5 to
about 20 hours, specifically about 1 to about 15 hours and
more specifically about 2 to about 5 hours.

65 The hot isostatically pressed compact has a hardness of
about 35 to about 45 when measured using a Rockwell C
hardness test at room temperature (about 23° C.). The hot
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isostatically pressed compact is cooled to room temperature.
After hot isostatic pressing, the preforms are free from defects
and voids. The preforms may be used to produce a variety of
commercial objects. In one embodiment, the preform may be
used to produce devices that are used in frictional applica- 5

tions.
As noted above, the preforms may be optionally subjected

to machining (110) to produce articles that can be used in a
variety of different applications. After manufacturing a pre-
form, the preform may be subjected to a variety of machining io
operations including grinding, milling, lapping, drilling, or
the like, to produce the aforementioned articles.
The hot isostatically pressed compact is then subjected to

machining to produce a desired article. Following machining
the article may be subjected to heat treatment (112). The heat 15
treatment (112) is generally conducted at a third temperature
at a third pressure for a third time period. The third tempera-
ture is about 1650° F. to about 1900° F., specifically about
1750° F. to about 1850° F., and more specifically about 1775°
F. to about 1810° F. The third pressure is about 3 Torr to about 20
5 Kg-f/cm2, specifically about 2 Torr to about 2 Kg-/cm2.
The third time period for a time period of about 10 minutes to
about 5 hours. In one embodiment, the heat treatment is
generally conducted at a temperature of about 1750° F. to
about 1850° F. for a time period of about 60 minutes to about 25
180 minutes. In an exemplary embodiment, the heat treatment
may be conducted at a temperature of about 1790° F. at
ambient pressure for a time period of 150 minutes.

Following the heat treatment, the preform or the machined
article may be subjectedto a rapid oil quench (114) to produce 30
a hardened nickel-titanium composition. The hardened
nickel-titanium composition generally has a hardness of
greater than or equal to about 60 HRC. In one embodiment,
the hardened nickel-titanium composition generally has a
hardness of greater than or equal to about 62 HRC. 35

The article that is produced after subjecting the powdered
composition to sintering, hot isostatic compaction and
annealing has a novel composition. While the nickel-titanium
composition contained in the preform comprises titanium in
an amount of about 38 to about 42 wt % and nickel in an 40
amount of about 58 to about 62 wt %, the nickel-titanium
composition described herein comprises a first phase, a sec-
ond phase, a third phase and a fourth phase. The first phase is
the matrix phase that comprises nickel and titanium in an
atomic ratio of about 0.45:0.55 to about 0.55:0.45, specifi- 45
cally about 0.48:0.52 to about 0.52:0.48. In an exemplary
embodiment, the atomic ratio of nickel to titanium is about
1:1 and the composition of the phase is designated as NiTi.
The nickel-titanium composition comprises the first phase

(NiTi) in an amount of about 65 to about 85 volume percent 50
(vol %), specifically about 67 to about 80 vol %, and more
specifically about 68 to about 78 vol %, based on the total
volume of the nickel-titanium composition. In an exemplary
embodiment, the nickel-titanium composition comprises the
first phase (NiTi) in an amount of about 77 vol %, based on the 55
total volume of the nickel-titanium composition.
The second phase comprises nickel and titanium in an

atomic ratio of about 0.70:0.30 to about 0.80:0.20, specifi-
cally about 0.72:0.28 to about 0.78:0.22. In an exemplary
embodiment, the atomic ratio of nickel to titanium is about 60
0.75:0.25 and the composition of the phase can be designated
as Ni3Ti.
The nickel-titanium composition comprises the second

phase (Ni3Ti) in an amount of about 7 to about 20 vol %,
specifically about 8 to about 17 vol %, and more specifically 65
about 9 to about 15 vol %, based on the total volume of the
nickel-titanium composition. In an exemplary embodiment,

8
the nickel-titanium composition comprises the first phase
(Ni3Ti) in an amount of about 9.8 vol %, based on the total
volume of the nickel-titanium composition.
The third phase comprises nickel and titanium in an atomic

ratio of about 0.52:0.48 to about 0.62:0.38, specifically about
0.54:0.46 to about 0.60:0.0.40. In an exemplary embodiment,
the atomic ratio of nickel to titanium is about 0.57:0.43 and
the composition of the phase can be designated as Ni4Ti3.
The nickel-titanium composition comprises the third phase

(Ni4Ti3) in an amount of about 8 to about 15 vol %, specifi-
cally about 9 to about 14 vol %, and more specifically about
10 to about 13 vol %, based on the total volume of the
nickel-titanium composition. In an exemplary embodiment,
the nickel-titanium composition comprises the third phase
(Ni4Ti3) in an amount of about 11 vol %, based on the total
volume of the nickel-titanium composition.
The fourth phase comprises nickel and titanium in an

atomic ratio of about 0.60:0.40 to about 0.67:0.33, specifi-
cally about 0.60:0.40 to about 0.75:0.25. In an exemplary
embodiment, the atomic ratio of nickel to titanium is about
0.67:0.33 and the composition of the phase can be designated
as NiTi2.
The nickel-titanium composition comprises the fourth

phase (NiTi2) in an amount of up to about 5 vol %, specifically
about 1 to about 4 vol %, and more specifically about 1.5 to
about 3 vol %, based on the total volume of the nickel-
titanium composition. In an exemplary embodiment, the
nickel-titanium composition comprises the third phase
(NiTi2) in an amount of about 2.2 vol %, based on the total
volume of the nickel-titanium composition.
The nickel-titanium composition comprises grains having

an average grain size of about 20 to 80 micrometers, specifi-
cally about 30 to about 70 micrometers, and more specifically
about 35 to about 60 micrometers. In an exemplary embodi-
ment, the nickel-titanium composition comprises grains hav-
ing an average size of about 40 micrometers.
The nickel-titanium composition thus manufactured has

superior properties over other commercially available nickel-
titanium compositions that are manufactured using other
methods. The nickel-titanium composition is non-magnetic
having a magnetic permeability of less than or equal to about
1.002. The nickel-titanium composition has a melting point of
about 1,125° C. The nickel-titanium composition has an
impact strength of up to about 56 foot-pound (ft-lb), and a
surface hardness of about 40 to about 62 Rockwell (RC). In an
exemplary embodiment, the nickel-titanium composition has
a surface hardness of up to about 60 HRC. The nickel-tita-
nium composition has a density of about 0.242 to about 0.246
pounds per inch. In an exemplary embodiment, the nickel-
titanium composition has a density of about 0.244 pounds per
inch (6.71 grams per cubic centimeter).
The nickel-titanium composition has Young's modulus of

114 gigapascals (GPa). The elongation at break for the nickel-
titanium composition is up to about 7% and the Young's
Modulus canbeup to about 16.5x106 psi. The nickel -titanium
composition has an electrical resistivity of up to about
80x10-6 ohm-centimeter.
The nickel-titanium composition has a thermal conductiv-

ity of about 9 to about 11 joules per Kelvin-meter-second. In
an exemplary embodiment, the nickel-titanium composition
has a thermal conductivity of up to about 10 j oules per Kelvin-
meter-second (7/K-meter-seconds) and a mean coefficient of
thermal expansion of about 10.4x10-6 per ° C.
The nickel-titanium composition manufactured in this

manner may be used to further manufacture a variety of
articles. These articles are those that are subjected to elevated
temperatures, corrosive environments and large amounts of
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friction. In one embodiment, the nickel-titanium composition
is used as a coating on surfaces that are subjected to elevated
temperatures, corrosive environments and large amounts of
friction.

Articles manufactured from the powdered composition can
be used as medical devices the bodies of living beings.
Examples of medical devices include orthopedic prostheses,
implants, spinal correction devices, fixation devices for frac-
ture management, vascular and non-vascular stents, mini-
mally invasive surgical instruments, filters, baskets, forceps,
graspers, orthodontic appliances such as dental implants, arch
wires, drills and files. The nickel-titanium composition can be
used to produce articles for used in fluid control devices.
Examples of fluid control devices are valves and valve seats,
rotors, shafts and vanes. The nickel-titanium composition can
also be used in machine tools such as for example tool bits,
cams and gears. A variety of different gears can be manufac-
tured from the nickel-titanium composition. Examples of
suitable gears are sprockets, spur gears, crown gears, bevel
gears, helical gears, hypoid gears, sun and planet gear, rack
and pinion, and the like. It can also be used in aerospace and
space applications.

Examples of articles than can comprise the nickel-titanium
composition are spur gears, herringbone gears, bevel gears,
shafts, indexing devices, valves for chemical transfer, pistons,
piston rings and cylinders for internal combustion engines,
ball and roller bearings, check valve balls, balls for ball
valves, gates for gate valves, tool bits, parts for magnetic
resonance imaging machines, threaded fasteners, locks (e.g.,
high strength locks), safes, quick connect couplings, subma-
rines and surface craft parts (e.g., those surface parts exposed
to salt water), wear plates and hinges used in space stations,
knives and saws, shears, razor blades, drills (e.g., drills for
offshore drilling, drills for oil well drilling, and the like), tank
turret bearings, machine parts for water pollution testing
machines, artificial hip replacements, knee joint replace-
ments, cam shafts, sprockets, worm gears, linear ball return
bearings, stamping dies, header dies, hand tools, nuts, bolts,
washers, sensors, electrical contacts, electrodes, rotors, heli-
cal gears, engine parts, springs, transmission and transmis-
sion parts, pistons, piston rings, jet engine blades, cams,
general valves, surfaces of turbines (e.g., gas turbines, steam
turbines, wind turbines).

Articles (e.g., bearings, bushings, gears, and the like)
manufactured from the nickel-titanium powdered composi-
tions in the manner described above are devoid of voids and
pinholes. In contrast, articles manufactured from molten
nickel-titanium have voids and pinholes. The presence of
voids and pinholes results in defective bearings, which have
non-uniform properties and which can damage other parts of
the equipment in which they are utilized upon undergoing
failure. In one embodiment, the article may not include bear-
ings.

In one embodiment, articles manufactured from the nickel-
titanium composition are free from pinholes and voids. In
another embodiment, the articles have less than or equal to
about 20 volume percent of pinholes and voids, specifically
less than or equal to about 10 volume percent of pinholes and
voids, specifically less than or equal to about 8 volume per-
cent of pinholes and voids, specifically less than or equal to
about 7 volume percent of pinholes and voids, specifically
less than or equal to about 5 volume percent of pinholes and
voids, specifically less than or equal to about 3 volume per-
cent of pinholes and voids, specifically less than or equal to
about 2 volume percent of pinholes and voids, and more
specifically less than or equal to about 1 volume percent of
pinholes and voids.

10
In addition, the articles manufactured by the aforemen-

tioned methods have a uniform hardness across their surfaces
prior to machining. This permits machining of articles to fine
tolerances. It also permits the articles to be easily machined.

5 In contrast, articles manufactured from a nickel-titanium melt
have a non-uniform hardness across their surfaces prior to
machining. In one embodiment, the articles have a uniform
surface hardness of about 58 to about 62 HRC, specifically 59
to 61 HRC over a surface area of up to 5 square inches. In one

io embodiment, the articles have a uniform surface hardness of
about 58 to about 62 HRC, specifically 59 to 61 HRC over a
surface area of up to 4 square inches. In one embodiment, the
articles have a uniform surface hardness of about 58 to about
62 HRC, specifically 59 to 61 HRC over a surface area of up

15 to 2 square inches.
While the invention has been described with reference to

exemplary embodiments, it will be understood by those
skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof without

20 departing from the scope of the invention. In addition, many
modifications may be made to adapt a particular situation or
material to the teachings of the invention without departing
from the essential scope thereof. Therefore, it is intended that
the invention not be limited to the particular embodiment

25 disclosed as the best mode contemplated for carrying out this
invention.

What is claimed is:
1. An article having a composition comprising:

30 a first phasethat comprises nickel andtitanium inanatomic
ratio of about 0.45: 0.55 to about 0.55: 0.45;

a second phase that comprises nickel and titanium in an
atomic ratio of about 0.70: 0.30 to about 0.80: 0.20; and

a third phase that comprises nickel and titanium in an
35 atomic ratio of about 0.52: 0.48 to about 0.62: 0.38; the

article having no voids or pinholes and having a uniform
surface hardness of about 40 to 62 HRC.

2. The article of claim 1, the article being selected from the
group consisting of a valve body, a piston, a piston ring, a

40 cylinder, checkvalve balls, balls forball valves, gates for gate
valves, tool bits, parts for magnetic resonance imaging
machines, threaded fasteners, locks, safes, quick connect
couplings, outer surfaces of submarines, outer surfaces of
ships, wear plates, articles used in space stations, cutlery,

45 knives, forks, spoons, saws, shears, razor blades, drills, drills
and drill bits for offshore drilling, drills and drill bits for oil
well drilling, tank turret bearings, machine parts for water
pollution testing machines, orthopedic devices, artificial hip
replacements, knee joint replacements, cams, cam shafts,

50 sprockets, worm gears, linear ball return bearings, stamping
dies, header dies, hand tools, nuts, bolts, washers, sensors,
electrical contacts, electrodes, rotors, helical gears, engine
parts, springs, transmission and transmission parts, pistons,
piston rings, jet engine blades, cams, general valves, turbine

55 blades and airfoils.
3. The article of claim 1, comprising the first phase in an

amount of about 65 volume percent to about 85 volume
percent, based on the total volume of the nickel-titanium
composition.

60 4. The article of claim 1, comprising the second phase in an
amount of about 7 volume percent to about 20 volume per-
cent, based on the total volume of the nickel-titanium com-
position.

5. The article of claim 1, comprising the third phase in an
65 amount of about 8 volume percent to about 15 volume per-

cent, based on the total volume of the nickel-titanium com-
position.
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6. The article of claim 1, comprising a fourth phase in an
amount of up to about 5 volume percent, based on the total
volume of the nickel-titanium composition, where the fourth
phase comprises nickel and titanium in an atomic ratio of
about 0.60: 0.40 to about 0.67 :0.33. 5

7. The article of claim 1, wherein the article comprises
orthopedic prostheses, implants, spinal correction devices,
fixation devices for fracture management, vascular and non-
vascular stents, minimally invasive surgical instruments, fil-
ters, baskets, forceps, graspers, orthodontic appliances, den- io
tal implants, arch wires, or files.

8. The article of claim 1, wherein the article is part of a fluid
control device.

9. The article of claim 1, where the article is a valve, a valve
seat, a rotor, a shaft or a vane. 15

10. The article of claim 1, where the article has a uniform
surface hardness of 58 to 62 HRC.

11. An article manufactured by a method comprising:
disposing a powdered composition in a mold; the pow-

dered composition comprising nickel and titanium; the 20
titanium being present in an amount of about 38 to about
42 wt % and the nickel being present in an amount of
about 58 to about 62 wt %;

sintering the powdered composition to produce a sintered
preform; 25

compacting the preform;
machining the preform to form an article;
heat treating the article; the annealing being conducted at a

temperature of about 1650° F. to about 1900° F. at a
pressure of about 3 Torr to about 5 Kg-f/cm2 for a time 30
period of about 10 minutes to about 5 hours; and

quenching the article.
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